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Abstract
Japanese encephalitis virus (JEV), a single-stranded, enveloped RNA virus, is a health concern across Asian countries, 
associated with severe neurological disorders, especially in children. Primarily, pigs, bats, and birds are the natural hosts for 
JEV, but humans are infected incidentally. JEV requires a few host proteins for its entry and replication inside the mamma-
lian host cell. The endoplasmic reticulum (ER) plays a significant role in JEV genome replication and assembly. During this 
process, the ER undergoes stress due to its remodelling and accumulation of viral particles and unfolded proteins, leading 
to an unfolded protein response (UPR). Here, we review the overall strategy used by JEV to infect the host cell and various 
cytopathic effects caused by JEV infection. We also highlight the role of JEV structural proteins (SPs) and non-structural 
proteins (NSPs) at various stages of the JEV life cycle that are involved in up- and downregulation of different host proteins 
and are potentially relevant for developing efficient therapeutic drugs.
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Graphical abstract

Introduction

Japanese encephalitis virus (JEV) causes severe neurologi-
cal disease in humans and horses, characterized by mas-
sive swelling in the central nervous system (CNS). JEV 
is a mosquito-borne arbovirus (arthropod-borne virus), 
belonging to the family Flaviviridae, which also includes 
yellow fever virus, West Nile virus (WNV), dengue virus 
(DENV), and Zika virus (ZIKV). JEV is the major cause 
of flaviviral encephalitis, especially in East and Southeast 
Asian countries. The first JEV infection case was observed 
and documented in 1871 in Japan, and the disease was later 
named Japanese encephalitis (JE) [1, 2]. The global number 
of JE cases is unknown because of poor monitoring, but the 
number of reported JEV infections is approximately 68,000, 
including approximately 20,000 fatal cases, annually [3]. 
JEV mainly affects children, with a fatality rate of up to 30%, 
and up to 50% of surviving patients experience permanent 
and sometimes severe neuropsychiatric sequelae [4] such as 
recurrent seizures [5], memory loss, convulsions [6, 7], and 
paralysis [8].

JEV virions contain a positive-sense single-stranded 
ribonucleic acid (+ssRNA) genome of approximately 11 kb 
encoding three structural proteins (SPs) (the capsid, mem-
brane/premembrane, and envelope proteins) and seven non-
structural proteins (NSPs) (NS1, NS2A, NS2B, NS3, NS4A, 
NS4B, and NS5). Upon entering the host cell, JEV releases 
its genomic RNA into the cytoplasm, where it undergoes ini-
tial translation using host cell machinery to produce a poly-
protein, which is cleaved by various host and viral proteases, 
and this is followed by replication of the JEV genome. The 
SPs are incorporated into virus particles, whereas the NSPs 
participate in the formation of the replication complex (RC) 
and assembly complex (AC) and the replication of the viral 
genomic RNA. The newly assembled virus is in an imma-
ture form, and before leaving the host cell, it must undergo 
a maturation process. The maturation of JEV occurs due 
to consecutive reductions in pH in the successive compo-
nents of host cell organelles. Thus, the ER lumen (pH 6.7) 
serves as an ideal location for the packaging and assem-
bly of virus particles. Budding and fusion of ER vesicles 
containing the immature virus results in their transport to 
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the cis-Golgi-network (CGN, pH 6.0) and then to the trans-
Golgi-network (TGN, pH 5.7). Due to the successive reduc-
tion in pH, the prM protein is cleaved by host furin protease 
into pr and M subunits, resulting in the maturation of the 
JEV virion before its release from the host cell.

JEV circulates among three different types of hosts dur-
ing its life cycle, viz., amplifying hosts (major reservoir), 
transmission hosts (carrier), and dead-end hosts (inciden-
tal). Mosquitoes of the genus Culex, such as Culex tritaen-
iorhynchus, act as the primary vectors for JEV infection of 
different hosts and maintaining the zoonotic transmission 
cycle. Pigs and water birds also amplify JEV by developing 
high viremia titers, facilitating transmission to biting mos-
quitoes. Bats and migratory birds are the principal trans-
mission and carrier hosts and are important for overwin-
tering and dispersal of JEV to new geographical locations. 
Humans and horses are not natural hosts of JEV, but they 
become infected by chance, often due to living in proxim-
ity to domestic pigs and birds; therefore, they are known 
as "incidental" hosts. Incidental hosts do not develop a suf-
ficiently high viral titer for further transmission of the virus 
and are therefore also known as “dead-end” hosts for JEV, 
but they do develop encephalitis and severe neurological 
disorders [9, 10]. In nature, JEV follows pig-mosquito-pig, 
bird-mosquito-bird [11], and bird-mosquito-pig transmis-
sion pathways [12]. However, the transmission of JEV 
can sometimes occur even without involving mosquitoes: 
from infected pigs to naïve pigs living together, through 
oronasal secretions [13]. Another mode of transmission 
involving only mosquitoes is transovarial transmission. In 
transovarial transmission, infected female culex or non-
culex mosquitoes produce JEV-infected progeny mosqui-
toes [14]. Filgueira et al. have reviewed the geographical 
distribution and transmission of JEV involving multiple 
hosts [15], and this topic is therefore discussed only briefly 
in this review.

Japanese encephalitis is probably an underestimated dis-
ease. Several compounds have been shown in vitro and in 
animal models to have significant anti-JEV activity. Despite 
that, very few clinical trials have been conducted in the last 
10 years [16]. Another reason for the unavailability of anti-
JEV therapeutics may be a poor understanding of the func-
tions of the NSPs in JEV infection and pathogenesis, with 
the exception of the well-studied enzymatic activities of the 
NS3 and NS5 proteins. As a result, no effective antiviral 
drugs have been approved for treatment of JE. Therefore, 
this review summarizes current information related to the 
pathogenicity and infectivity of JEV by bringing together 
recent findings concerning the involvement of host proteins 
and JEV proteins at the stages of viral entry, replication, 
assembly, and maturation, which will be important for the 
development of therapeutic drugs against JEV infection.

JEV structure and genome organisation

JEV, an enveloped virus, has a linear, (+) ssRNA genome 
enclosed by multiple copies of the capsid protein (Fig. 1). 
The viral nucleic acid and capsid protein form a nucle-
ocapsid that is surrounded by a host-derived lipid bilayer. 
The 5′ end of the genomic RNA contains a methylated 
cap (m7GpppAmp), but it lacks a poly-A tail at the 3′ end 
[17–20]. The genomic RNA is ~11 kb in length and contains 
a single open reading frame (ORF) between two short non-
coding regions (NCR) at 5′ and 3′ ends (Fig. 2a). The NCRs 
are highly conserved among all mosquito-borne flaviviruses 
and form secondary structures to support viral replication, 
transcription, and translation processes. The 5′ NCR con-
tains functional RNA elements, such as promoters, enhanc-
ers, and putative cyclisation sequences that are required for 
interaction between the distantly located 5′ and 3′ NCRs of 
the genomic RNA. The NS5 protein interacts with the cir-
cularised RNA and initiates RNA replication at the 3′-NCR 

Fig. 1   JEV structure. (a) Cryo-electron microscopy structure of a 
JEV virion retrieved from the protein data bank database with PDB 
ID: 5WSN (produced by Wang et  al. (2017) [208]), and the image 
was created using Mol* viewer [209]. (b) The JEV virion contains a 

(+) ssRNA genome enclosed by a capsid and an outer envelope. The 
outer envelope of mature virion contains 180 copies of the envelope 
and membrane proteins.
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during viral infection [21–23]. The ORF encodes a poly-
protein consisting of ~3400 amino acids (Fig. 2b), which 
is cleaved by both viral and host proteases to form three 
SPs – the capsid (C), membrane/pre-membrane (M/prM), 
and envelope (E), proteins – and seven NSPs: NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, and NS5. Notably, the JEV 
NS2B-NS3 protease performs proteolytic cleavages between 
NS2A and NS2B, between NS2B and NS3, between NS3 
and NS4A, and between NS4B and NS5. The host protease 
signalase performs proteolytic cleavages between C and 
prM, between prM and E, between E and NS1, and between 
NS4A and NS4B in the polyprotein. During maturation in 
the Golgi complex, the prM protein is cleaved into the pr 
subunit (~10 kDa) and the mature M protein (~8 kDa) by 
the host protease furin (Fig. 2c). The protease that carries 
out the cleavage between NS1 and NS2A is still unknown 
and needs to be identified. The JEV NS3 protein has protease 
activity in its N-terminal domain and serves as binding site 
for the cofactor protein NS2B. NS3 also has helicase activity 
in its C-terminal domain that induces negative supercoiling 

(unwinding) of the dsRNA during viral RNA replica-
tion. NS5 is also a critical protein because its N-terminal 
domain (methylase domain) possesses methylase activity 
that is required for the 5′ capping of naïve viral RNA, and 
its C-terminal domain (RdRp domain) has RNA-dependent 
RNA polymerase (RdRp) activity that is required for viral 
RNA replication. The SPs are involved in the formation of 
the viral capsid and outer envelope, whereas the NSPs par-
ticipate in the formation of the RC and the AC and replica-
tion of the viral genome [24, 25]. 

Structural proteins

Envelope protein

The envelope (E) protein in JEV has a molecular mass of 
~45 kDa, and is organized into three domains – domain I 
(central β-barrel), domain II (fusion loop), and domain III 
(immunoglobulin-like module) – in a homodimer [26]. The 
E protein of immature JEV exists in an irregular trimeric 

Fig. 2   Genome organization 
and proteolytic cleavage of JEV 
proteins. (a) The genome of 
JEV is (+) ssRNA of approxi-
mately 11 kb in length, flanked 
by non-coding regions (NCRs) 
at the 5′ and 3′ ends. The 
NCR at the 5′ end is shorter in 
length, with ~100 nucleotides, 
than the NCR at 3′ end, which 
can vary between 100 to 700 
nucleotides. The NCR forms 
a secondary structure and 
participates in viral replication 
and transcription. (b) A singe 
open reading frame (ORF) in 
the JEV genomic RNA encodes 
a polyprotein of ~375 kDa, 
which is further cleaved by host 
and viral proteases to form three 
structural proteins (prM/M, C, 
and E) and seven non-structural 
proteins (NS1, NS2A, NS2B, 
NS3, NS4A, NS4B, and NS5). 
(c) JEV polyprotein cleavage. 
The NS2B-NS3 protease (viral 
protease) cleaves the NS2A-
NS2B, NS2B-NS3, and NS3-
NS4A junctions. Signalase (host 
protease) cleaves the C-prM, 
prM-E, E-NS1, and NS4A-
NS4B junctions. Furin protease 
(host protease) cleaves prM into 
pr and M. NS1-NS2A is cleaved 
by an unknown protease.
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form, while it exhibits a flattened dimeric structure in mature 
particles. Notably, domain II, which includes the fusion 
loop, is capped by prM (precursor of membrane protein) 
in immature particles. During maturation in the TGN of 
Golgi bodies, the prM protein is cleaved into a pr subunit 
and the mature M protein, resulting in the exposure of the 
fusion loop of the E protein. [27–29]. In addition to mem-
brane fusion, the E protein mediates binding to the host cell 
receptor and the transduction process. It is therefore the most 
important viral antigen for induction of neutralising antibod-
ies (NAbs) in the host [30, 31].

Membrane protein

The JEV membrane protein is present in virions in two 
forms, viz., the ~24 kDa precursor membrane protein (prM) 
and the ~8 kDa mature membrane protein (M) [32]. The 
prM protein promotes the intracellular assembly of virions 
by acting as a chaperon as well as preventing the formation 
of the E dimer [33, 34]. Cleavage of the prM protein by the 
host furin protease results in dimerization of the envelope 
protein required for the maturation of JEV [27, 32]. Follow-
ing the furin cleavage, the pr subunit remains attached to 
the E protein, forming an E-pr heterodimer until the virus is 
released from the host cell. The pr subunit is then released 
outside of the cell, leading to E homodimer formation in 
mature virions [35, 36].

Capsid protein

The mature JEV particle contains 180 copies of the cap-
sid (C) protein (13 kDa) [37]. The precursor of the capsid 
(C) protein, i.e., the membrane-anchored capsid (anchC) 
protein, contains a hydrophobic moiety at its C-terminus 
that acts as a signal sequence for the translocation of prM 
into the lumen of ER, the site where virus assembly occurs 
[37]. The hydrophobic moiety of the anchC is cleaved by 
the JEV NS2B-NS3 serine protease, and this results in the 
folding and dimerization of the capsid protein [38, 39]. The 
dimerization of the capsid protein creates a moiety of basic 
amino acids on one side and hydrophobic amino acids on 
another side of the dimer, which interact with the ssRNA 
genome and membrane of the virus, respectively [40]. The 
mature capsid protein contains a nuclear localisation signal 
(NLS) for phosphorylation and later interacts with importin 
(host nuclear protein B23) [41], which is required for entry 
into the host nucleus [42]. The reason for the shuttling of 
the capsid protein between the nucleus and the cytoplasm 
is not clearly understood, but recently, Sarkar et al., using 
immunofluorescence staining, observed the presence of cap-
sid protein in the cytoplasm as well as in the nucleus, and 
they suggested that transition of the capsid protein might 
be involved in viral assembly [43]. In addition, the capsid 

protein suppresses the formation of stress granules by inter-
acting with the host caprin-1 protein to promote JEV propa-
gation [44]. In other flavivirus infections, the capsid protein 
interacts with various host proteins such as the importin-α/
HDM2 protein [45] and phospholipid-binding protein [46, 
47], which are required for assembly and maturation of viral 
particles. In the case of WNV and DENV, the human Sec 3 
(hSec3P) protein has been shown to have chaperonin activ-
ity toward the capsid protein, which can delay or suppress 
the infection [48, 49]. Thus, the capsid protein is a dynamic 
and multifunctional protein that is required at various stages 
of the viral life cycle, and hence, among the three structural 
proteins (E, prM/M, and C), the capsid protein is the best 
suited as a target of therapeutic drugs against JEV.

Non‑structural proteins

Non‑structural protein 1 (NSP1)

Non-structural protein 1 (NSP1) is a 48-kDa glycoprotein 
that exists in a dimeric (~96 kDa) and a hexameric form 
in complex with the host ER membrane and in secretions, 
respectively [50]. Dimeric NSP1 is a multifunctional gly-
coprotein that is involved in the assembly of the replication 
complex [51] and replication of JEV [52, 53] by interacting 
with the other JEV NSPs as well as with several host pro-
teins, including the RPL18, RPL18a, vimentin, and hnRNP 
K proteins [54, 55]. In contrast, it appears that the main 
function of the hexameric form of NSP1 is modulation of 
the host immune system to support JEV propagation [56, 
57]. Furthermore, an extended form of the NSP1 protein, 
NSP1' (~53 kDa) of JEV has been reported to suppress the 
activity of interferon (IFN) type I [58], a crucial compo-
nent of the host innate and adaptive immune response to 
viral infections. Hence, as an early marker of infection, the 
NS1 protein can be targeted to develop drugs, vaccines, and 
monoclonal antibodies to inhibit JEV pathogenesis. Notably, 
an NS1-based vaccine was developed recently by fusing a 
truncated NS1 protein with the Escherichia coli heat-labile 
enterotoxin subunit [59].

NS2A  NS2A is a 22-kDa membrane-associated hydropho-
bic protein located in the RC that interacts with the 3′-UTR 
of the JEV (+) sense ssRNA with high affinity and with 
other NSPs required for the replication process [60, 61]. 
In addition to its involvement in replication, NS2A is also 
required for virion assembly, as it translocates the newly 
synthesised (+) sense ssRNA genome from the RC to the 
AC, as shown in Figure 5b [62, 63]. It has also been reported 
that NS2A plays a vital role in JEV infection by suppress-
ing the antiviral response generated by host cells, where 
NS2A suppresses protein kinase (PKR)-induced cell death 
[64]. JEV requires NS1' for its survival inside the host cell 
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by modulating the host immune response, and it has been 
shown that a single mutation in NS2A prevents NS1' forma-
tion. Therefore, as a regulator of NS1', NS2A protein plays 
an essential role in JEV infection and pathogenesis [65].

NS2B‑NS3 protease

The 14-kDa NS2B protein is the smallest NSP of JEV. It 
contains a conserved hydrophilic domain of 40 amino acid 
residues that interacts with the N-terminal protease domain 
of the NS3 protein (69 kDa) to form the NS2B-NS3 protease 
complex, in which NS2B acts as a cofactor [66, 67]. NS3 
is the best studied protein of JEV, and its three-dimensional 
structure has been determined by X-ray crystallography at 
a resolution of 1.80 Å, showing that it contains an N-ter-
minal protease domain and a C-terminal helicase domain 
[68]. The NS2B-NS3 protease performs proteolytic cleavage 
specifically at dibasic amino acid motifs (K-R, R-R, R-K, or, 
rarely, Q-R) between NS2A and NS2B, between NS2B and 
NS3, NS3-NS4A, and between NS4B and NS5, as shown 
in Figure 2 [69, 70]. The helicase and NTPase domain at 
the C-terminal end of NS is required for negative supercoil-
ing of the dsRNA intermediate during JEV replication and 
transcription [71, 72]. A recent study by Xie et al. showed 
that the NS2B-NS3 protein complex induces cell apopto-
sis by degrading the AXL membrane protein through the 
ubiquitin-proteasome pathway [73]. Therefore, NS2B and 
NS3 are suitable therapeutic targets, as they play a central 
role in JEV replication and post-translational processing of 
the polyprotein.

NS4A and NS4B

NS4A and NS4B are integral membrane proteins with a 
molecular mass of 17 kDa and 27 kDa, respectively, that 
play multiple roles in JEV infection, including assembly of 
the replication complex and viral replication. NS4A regu-
lates the NTPase activity of the NS3 helicase, while NS4B 
acts as a cofactor for the NS3 helicase activity [74].

NS5  NS5 is the largest viral protein (100 kDa), and like 
NS3, it is also a well-studied protein whose three-dimen-
sional structure has been determined by X-ray crystallog-
raphy and shown to contain a methyltransferase domain 
and an RdRp domain at its N- and C-terminus, respectively 
[75]. Due to the polymerase activity of its RdRp domain and 
the 5′-capping enzymatic activity of its methyltransferase 
domain, NS5 is of central importance for JEV replication. 
The RdRp domain of NS5 contains three subdomains: palm, 
thumb, and finger. The palm subdomain contains conserved 
aspartic acid residues and forms the active site for the bind-
ing of RNA [76, 77], metal ions, and nucleotides and is 
also involved in the transfer of phosphate groups. The fin-

ger subdomain escorts the template RNA to the active site 
by forming a tunnel [78, 79], and the thumb subdomain is 
required to form an RNA synthesis complex and regulates 
RNA synthesis [77, 79]. Due to its central role in JEV rep-
lication, NS5 is a promising target for the development of 
therapeutic drugs.

Host proteins involved in JEV infection

JEV infection alters the expression of various host proteins, 
which can have either anti-viral or pro-viral activity. The 
role of host proteins in JEV infection has not yet been stud-
ied precisely. However, several studies have shown that some 
host proteins, such as IFITM3, RANBP2, SAMD9, VMP8, 
and TRIM52, are upregulated in JEV-infected cells, and 
knocking down these genes significantly enhances JEV rep-
lication. These same proteins are also involved in inhibiting 
other viral infections, such as HIV, influenza A virus type 
H1N1, hepatitis C virus, Sendai virus, dengue virus, and 
West Nile virus (WNV) [80, 81]. Recent studies have also 
shown that some host proteins, including GRP78, vimentin, 
and hnRNP K, assist in JEV entry and replication in the host 
cell [55, 82].

Host proteins with anti‑JEV activity

JEV diagnosis involves the observation of clinical signs and 
serological tests; therefore, the host proteins upregulated 
during JEV infection may serve as biomarkers for the detec-
tion of infection and evaluation of its severity. There are 
several problems associated with the traditional diagnosis of 
JEV infection, as has been discussed previously by Roberts 
and Gandhi [83]. Therefore, detection of the upregulated 
host proteins discussed below may help in the diagnosis of 
JEV infection. The concentrations of these biomarkers may 
also be associated with the severity of JEV infection and 
therefore potentially useful for choosing appropriate clini-
cal measures.

IFITM3

Brass et al. reported that interferon-induced transmembrane 
protein 3 (IFITM3), a host factor of the IFITM family, inhib-
its WNV infection by blocking the entry of the virus into 
the cytoplasm [80]. Later, Zhang et al. reported that this 
transmembrane protein is upregulated during JEV infec-
tion and that a loss of IFITM3 gene expression results in 
enhanced JEV replication [84]. Chesarino et al. reported that 
post-translational modification regulates the antiviral activ-
ity of IFITM3. This was supported by the findings of Wang 
et al., who reported that the tumour suppressor protein p53 
promotes palmitoylation of IFITM3, which is required to 
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inhibit JEV replication, but the mechanism by which this 
occurs is still unclear [85]. IFITM3 shows antiviral activity 
against several other viruses, such as SARS-CoV-2 [86] and 
human metapneumovirus (hMPV) [87]. Zani and Yount have 
summarised the various in vivo studies in which IFITM3-
knockout mice experience severe disease when exposed 
to different viruses in comparison to wild-type mice [88]. 
Therefore, the IFITM3 protein can be considered one of the 
vital biomarkers for diagnosing JEV infection.

RANBP2

RAN binding protein 2 (RANBP2) belongs to the nucleopro-
tein family and forms a nuclear pore complex that acts as a 
shuttle for the translocation of proteins between the nucleus 
and cytoplasm [89]. Zhang et al. also reported that knockdown 
of the RANBP2 gene greatly enhanced JEV replication and 
also showed that there is an increase in expression and accu-
mulation of the RANBP2 protein inside the nucleus during 
JEV infection [84]. Maarifi et al. also reported that RANBP2 
regulates anti-retroviral activity by sumoylation of tripartite-
motif-containing protein 5 (TRIM5α), which is known to 
block retroviral infection in the post-entry phase [90].

SAMD9

Zhang et al. found that sterile alpha motif domain-containing 
protein 9 (SAMD9) was upregulated by ~2.5-fold in JEV 
infection, whereas IFITM3 and RANBP2 were upregulated 
by ~1.7-fold [84]. Like IFITM3 and RANBP2, SAMD9 also 
inhibits JEV replication and is present in large amounts in 
the cytoplasm only. Previously, SAMD9 was shown to have 
antiviral activity against a poxvirus [91]. There have been 
few studies related to the antiviral activity of the SAMD9 
protein, but the role of this protein in the JEV life cycle 
should not be neglected and needs to be studied further.

VAMP8

Vesicle-associated membrane protein 8 (VAMP8) is an 
integral membrane protein that gets upregulated along with 
IFITM3, RANBP2, and SAMD9 during JEV infection, and 
HeLa cells lacking VAMP8 have shown enhanced JEV rep-
lication [84]. Van Tol et al. reported VAMP8 to be a novel 
regulator of an interferon-I signalling system that generates 
an antiviral response during West Nile virus infection [92].

TRIM52

Human TRIM52 is a tripartite-motif-containing protein that 
possesses antiviral activity. Fan et al. reported that TRIM52 
interacts with and degrades the NS2A protein of JEV in a 

ubiquitin-proteasome-dependent manner, resulting in inhibi-
tion of JEV replication and infection [93].

Host proteins with pro‑JEV activity

Protein-protein interactions play a crucial role in pathogen-
esis, whether viral-viral or viral-host protein interactions. Lv 
et al. have reported that the various host proteins discussed 
below interact mainly with the proteins E, M/prM, C, and 
NS1, which play a crucial role in the JEV life cycle, espe-
cially in neuroinvasion. Therefore, they can also be used as 
targets for developing anti-JEV therapeutics and inhibiting 
JEV infection.

GRP78

Glucose-regulated protein 78 (GRP78) is an ER chaperon 
belonging to the 70-kilodalton heat shock protein (HSP70) 
family that is expressed on epithelial and neuronal cell mem-
branes. GRP78 interacts with domain III of the JEV enve-
lope protein, which is required for entry of JEV into the host 
cell. It is also involved in the replication of the viral genomic 
RNA and viral protein synthesis. GRP78 assists JEV in entry 
and replication, which are critical stages in any virus's life 
cycle [82]. Therefore, GRP78 is considered an important 
factor that can be targeted in JEV infection.

Vimentin

Vimentin is an intermediate filament protein that is found 
on the cell surface and intracellularly. Like GRP78, surface 
vimentin interacts with the JEV envelope protein and is 
involved in viral entry [94, 95], while intracellular vimentin 
assists in JEV replication by interacting with NS1 [55]. It 
is still obscure how vimentin interacts with NS1 and helps 
JEV replication.

hnRNP K

Heterogenous nuclear ribonucleoprotein K (hnRNP K) 
is a crucial pre-mRNA binding protein that is involved in 
hnRNA metabolism in the nucleus. Like GRP78 and vimen-
tin, hnRNP K also affects JEV replication by interacting with 
the NS1 protein [55]. hnRNP K also assists dengue virus 
and Junin virus in their replication [96]. In the case of JEV, 
hnRNP K may be involved in the translocation of the NS1 
protein within the host cell [96]. It also interacts with the 
JEV NS5 protein [97], which has polymerase activity and 
plays a central role in viral replication. Therefore, hnRNP 
K can be considered an important intracellular target due to 
interaction with the critical proteins NS1 and NS5 of JEV.
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MAP1LC3  Microtubule-associated protein 1 light chain 3 
(MAP1LC3) is a host protein that plays an essential role 
in autophagy. Sarkar et al. showed that MAP1LC3 interacts 
with the JEV capsid protein and promotes viral replication 
and pathogenesis [43].

JEV life cycle

The life cycle of JEV starts with the bite of a carrier mos-
quito, which releases virus particles that interact with recep-
tors present on the surface of host cells, such as pericytes 
[98], fibroblasts [99], endothelial cells [100–102], dendritic 
cells [103], and myeloid cells [10], which are susceptible to 
JEV infection and are the primary sites of propagation of 
the virus. After replication in these cells, the newly assem-
bled virion particles now migrate towards brain cells such 
as neuronal cells [104] and microglial cells [105] by using 
infected dendritic cells and T cells for their transport [98]. 
The early stages of JEV infection, which include internali-
zation of virions and membrane fusion, have already been 
reviewed by Yun and Lee [10] and are therefore not included 
in this review. The mechanisms by which JEV infects brain 
tissues and crosses the blood brain barrier as well as the 
consequences of these events have been reviewed by Fil-
gueira and Lannes [15] and by Hsieh and John [106]. Before 
entering the brain tissues, the propagation of JEV is neces-
sary, which takes place in cells present at the primary site 
of infection, such as endothelial cells, fibroblasts, pericytes, 
macrophages, and dendritic cells [106, 107]. This review 
mainly discusses the role of JEV structural and non-struc-
tural proteins required for entry, genome replication, protein 
synthesis, and virion assembly in all types of cells that are 
susceptible to JEV, which was not the focus of the reviews 
by Yun and Lee [10] and Filgueira and Lannes [15].

Entry and fusion with the host endosomal 
membrane

The binding of JEV to the host cell occurs in two stages: (i) 
Initial binding to attachment factors and (ii) specific binding 
to endocytic receptors. The initial interaction is nonspecific, 
occurring between the JEV envelope glycoprotein E and 
heparan sulfate glycosaminoglycans present on the surface 
of the host cells [26]. The interaction involves electrostatic 
interaction between positively charged amino acid residues 
of the E protein and negatively charged glycosaminogly-
cans [28], which helps to concentrate the virions over the 
host cell surface and induce interaction of the virus with 
the endocytic receptors present on the surface of the host 
cell. The receptor-mediated interaction between JEV and 
the host cell is not fully understood. However, some studies 
have shown that receptors such as HSP70 (N2a cell recep-
tor) [27, 29], CLEC5A (C-type lectin receptor) [30], TIM/
TAM phosphatidylserine receptor [31–33], GRP78 [82], D2 
receptor [82], and αvß3 (a glycoprotein of the integrin fam-
ily) [33] may assist in the entry of JEV into the host cell via 
endocytosis, like other flaviviruses (Fig. 3). Once the virus 
interacts with endocytic receptors, it can enter the host cell 
either through clathrin-dependent endocytosis [27], clath-
rin-independent endocytosis [36], or cholesterol-dependent 
endocytosis [35]. Due to acidification inside the endosome, 
protein E undergoes irreversible conformational changes 
and oligomerization, leading to exposure of a hydrophobic 
domain that interacts with the host endosomal membrane 
and driving fusion of the viral and endosomal membranes 
[37, 38, 108]. After membrane fusion, viral genomic RNA 
is uncoated and released into the host cytoplasm, where it 
has multiple fates. It can undergo replication [40, 41], serve 
as an mRNA for translation of the single open reading frame 
to produce the precursor polyprotein [42, 44], or be encapsi-
dated and incorporated into immature viral particles.

Fig. 3   Schematic representa-
tion of endocytic receptors and 
clathrin-mediated endocytosis 
for the entry of JEV into the 
host cell
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Initial translation of viral genomic RNA

Once the viral RNA is in the host cytoplasm, it is transported 
to the host ER membrane for initiation of translation. The 
viral RNA lacks a poly-A tail at its 3′ end [47], but, like the 
majority of eukaryotic mRNAs, it has type 1 cap (m7Gpp-
pAmp) at its 5′ end [46], and viral RNA is therefore trans-
lated in a cap-dependent manner. The viral RNA encodes a 
polyprotein of ~375 kDa, which is cleaved by viral and host 
proteases into three SPs and seven NSPs [49]. The arrange-
ment of these proteins on ER membrane is still unclear and 
needs to be studied more, but some biochemical and interac-
tion studies with other flaviviruses have suggested that NS3 
and NS5 are cytosolic proteins and that NS1 is found in 
the ER lumen; however, the remaining NSPs, as well as the 
SPs E, C, and prM are integral proteins (Fig. 4). The NSPs 
are involved in virus replication, where NS1, NS2A, NS2B, 
NS4A, and NS4B are involved in remodelling the ER to 
form the RC, NS3 in unwinding, and NS5 in the polymerisa-
tion of JEV genomic RNA. NS2A interacts with the newly 
synthesized RNA and is translocated from the RC to AC. 
NS2A acts a bridge between the modified ER structures. 
The SPs play a vital role in the assembly of viral particles, 
where the newly synthesised RNA interacts with the capsid 
proteins and undergoes encapsidation. The prM holds and 
stabilises the E protein arranged in the outer envelope, which 
is derived from the host membrane [48].

Remodelling the host’s endoplasmic reticulum 
membrane

Flavivirus genome replication and transcription occur on 
extended and modified ER membrane regions, known as 
vesicle packets (VPs), while translation and polyprotein 

processing occur at convoluted membranes (CM) derived 
from the ER membrane [67, 109]. Based on genetic stud-
ies of various flaviviruses, NSPs are predicted to interact 
inside the VPs to form the RC on the modified network of 
the ER membrane (Fig. 5a and b). NS1 is a 48-kDa protein 
that mainly exists as a homodimer [66] that interacts with 
the envelope (E) protein [52, 68], NS4A protein [59], and 
NS5 protein [69] and is co-localised with the viral genomic 
RNA [52]. It is therefore essential for stabilising the RC by 
creating a scaffold on the ER membrane. Among the NSPs 
present in the RC, NS3 and NS5 are the two most important 
and best-studied proteins, and both have essential enzymatic 
activity. NS3 is located on the cytoplasmic side but remains 
attached to the ER membrane due to its interaction with 
polar residues of the integral NS2B protein, which acts as 
a cofactor and binds to the N-terminal domain of NS3 to 
form the NS3-NS2B serine protease [110]. Binding assays 
have suggested that NS2A interacts strongly with NS3 and 
NS5 as well as the untranslated region (UTR) of the viral 
RNA in both the RC and the virus assembly complex. These 
interactions support a hypothetical model in which NS2A 
acts as carrier protein and transports the newly replicated 
RNA from the RC to the adjacent assembly complex [70, 71, 
111]. Wen et al. reported that NS4B of JEV interacts with 
the helicase domain of NS3 and facilitates the unwinding of 
dsRNA and, ultimately, the replication of the genomic RNA 
[72]. NS4A is considered a crucial protein for the organisa-
tion and assembly of the RC [61, 63], and like NS2B, which 
is a cofactor for the NS3 protease domain, it also serves 
as a cofactor for NS3. NS4A interacts with the C-terminal 
helicase domain of the NS3 protein to regulate its ATPase 
activity and helps in the unwinding of dsRNA and replica-
tion of viral genome [62]. The C-terminal ‘2K’ fragment of 
NS4A translocates the NS4B protein into the ER lumen by 
acting as a signal sequence [112]. NS5 is the most conserved 
and the largest protein (~100 kDa) in all flaviviruses, and it 
interacts strongly with NS3 and other NSPs as well as the 
genomic RNA in the RC [73–75]. The N-terminal domain 
(~30 kDa) of NS5 exhibits methyltransferase activity and is 
responsible for the addition of a methylated cap to the viral 
RNA at 5′ end [76, 77]. The C-terminal region (~70 kDa) 
of NS5 comprises the RdRp domain, which is required for 
replication of the viral genomic RNA [78, 79].

Replication of JEV genomic RNA

Replication starts when viral RNA, NSPs, and host fac-
tors come together to form the RC inside the virus-induced 
infoldings of the ER membrane termed "vesicle packets" 
(VPs) [113]. The host cytoplasm and VPs are connected 
through pores, which are used to translocate nucleotides 
and other host factors required for replication [113, 114]. 
In the RC, NS5 interacts with the circularised (+) sense 

Fig. 4   Schematic representation of the JEV polyprotein arrangement 
in the host endoplasmic reticulum (ER) membrane. The topology of 
JEV structural and non-structural proteins with respect to the cytosol 
and ER lumen is shown. The JEV proteins are distributed into the ER 
lumen (NS1), cytoplasm (NS3 and NS5), and in ER membrane (C, 
prM/M, E, NS2A, NS2B, NS4A, and NS4B).
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Fig. 5   Hypothetical model of the JEV life cycle. (a) 1. Interaction of 
JEV with host cell receptors. 2. Entry of JEV through the endocytic 
pathway, which may be clathrin dependent, clathrin independent, or 
cholesterol dependent. 3. Once inside the host cell, JEV releases its 
genomic RNA into the cytosol. 4. Binding of JEV genomic RNA to 
the ribosome located on the ER membrane. 5. Initial translation of 
genomic RNA followed by polyprotein cleavage and arrangement 
of structural and non-structural proteins in the ER membrane, ER 
lumen, and cytosol as shown in Fig. 3. 6. Formation of the replica-
tion complex required for replication of JEV genomic RNA. 7. Pack-
aging of the JEV genomic RNA into the viral capsid protein, forming 
the nucleocapsid. 8. Budding of the ER membrane carrying newly 
assembled virions. 9. Release of the newly assembled JEV virion 
through ER budding (pH 6.7). 10. The immature virion then enters 
into the Golgi body (pH 6.0) through the cis-Golgi network (CGN). 
11. Release of JEV through the trans-Golgi network (TGN) (pH 5.7) 
12. The furin protease site of prM gets exposed due to the decrease in 
pH, and prM is cleaved by the host furin protease. The conversion of 

prM into the M protein results in a rearrangement of the viral enve-
lope proteins, which results in the maturation of JEV. 13. Mature JEV 
virions are released through exocytosis. (b) JEV replication complex 
and assembly complex. The formation of the replication complex 
occurs at vesicle packets, which are an extended and modified net-
work of the ER. Non-structural proteins participate in the formation 
of the replication complex and replication of JEV RNA. NS1 proteins 
induce curvature into the ER membrane, which is required for the 
recruitment of other non-structural proteins (NS2, NS3, NS4, NS5). 
The NS3 protein, which has helicase activity, and the NS5 protein, 
which has RdRp activity, interact with the viral RNA and participate 
in replication. NS2B acts as a cofactor for the NS3 protein. NS4A and 
NS4B interact with NS1 and help in the formation of the viral repli-
cation complex. The assembly complex is formed by JEV structural 
proteins (C, prM, and E), where newly synthesized RNA is incorpo-
rated into a virion particle. (c) Proteolytic cleavage of the prM protein 
by furin protease is required for maturation of the virion.
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ssRNA, and through the polymerase activity of the RdRp 
domain, it synthesises a complementary (-) strand RNA, 
which remains base-paired with the (+) strand and forms a 
replicative double-stranded (ds) RNA intermediate, which 
undergoes unwinding due to the helicase activity of NS3, 
and the (-) strand RNA serves as a template for generating a 
new (+) sense RNA. Immediately after synthesising the (+) 
ssRNA, a methylated cap is added to its 5′ end by the NS5 
methylase domain, and the RNA is translocated from the RC 
to the AC. In the RC, NS1 is colocalised with NS5 and the 
double-stranded RNA intermediate and is involved in the 
initial replication of negative RNA strands [52, 115]. The 
synthesis of dsRNA intermediates and (+) sense ssRNA is 
asymmetric, with the dsRNA intermediate being present at 

a lower copy number and entering again into the replication 
machinery for the synthesis of new (+) sense ssRNA. The 
(+) sense ssRNA are synthesised in high copy numbers and 
are transported to the assembly complex. The (+) ssRNA in 
the assembly complex interacts with the capsid (C) protein 
for selective packaging (Fig. 6) [80, 116].

Assembly and packaging of JEV genomic RNA

The packaging of viral particles is precise, as only (+) RNA 
is encapsidated and assembled into new virions; however, 
the molecular mechanism behind the encapsidation and 
assembly is still unclear. In some viruses, selective packag-
ing is due to packaging signals, which may be secondary 

Fig. 6   Replication of JEV 
genomic RNA. The RdRp 
domain of NS5 protein binds 
to the 5′ end of circularized (+) 
ssRNA and synthesizes the (-) 
strand. Once the dsRNA is fully 
synthesized, the NS3 protein 
with its helicase domain binds 
and starts unwinding the RNA. 
NS5 then uses the (-) strand as 
a template and starts synthesis 
of the (+) strand. The final 
products of this replication 
cycle are the replicative dsRNA 
intermediate and (+) ssRNA. 
dsRNA then enters another rep-
lication cycle, while (+) ssRNA 
is incorporated into virions.
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structures or specific sequences to which the capsid protein 
interacts and binds to promote encapsidation [117, 118]. 
However, in flaviviruses, the specific interactions involved 
are not known. Since no packaging signal has been identi-
fied, the interaction with the C protein is thought to be non-
specific [119, 120], despite the fact that only viral genomic 
RNA gets incorporated into virions. As mentioned above, 
in comparison to (-) ssRNAs, the (+) sense RNAs are syn-
thesised asymmetrically in high copy numbers and selec-
tively packaged, suggesting that the viral RNA replication 
and assembly processes are closely associated [81]. The 
replication of viral RNA takes place inside the lumen of 
the VPs, and the components required for replication enter 
through the pores. The viral RNA synthesised inside the VPs 
is released and, for packaging, subsequently enters budded 
regions of the ER membrane created just opposite of the VPs 
(Fig. 5b) [67, 113]. It is still obscure how the viral RNA is 
transported from VPs to the assembly site and how the viral 
NSPs and host proteins function in the assembly of virus 
particles.

Maturation and release of JEV particles

The mature virus particle contains a nucleocapsid sur-
rounded by an outer lipid bilayer derived from the host cell 
membrane. The E and M/prM proteins are embedded in the 
outer envelope. Intracellular immature virion particles con-
tain the prM (premembrane) protein, whereas extracellular 
fully matured virion particles contain the M (membrane) 
protein (Fig. 5c) [52]. The maturation of the virus takes 
place during transport of virus particles from the assem-
bly site in ER membrane invaginations to the extracellular 
region via the trans-Golgi network (TGN). The reduction in 
pH of exocytic compartments triggers a structural rearrange-
ment in the prM proteins, resulting in exposure of the furin 
protease site, where the furin protease cleaves the prM pro-
tein into pr and M protein subunits (Fig. 5c). The pr subunits 
remain bound to the viral surface during the maturation pro-
cess and are dissociated only when the fully matured virus 
is released outside the host cell. Therefore, the intracellular 
immature virus appears spiky and uneven due to pr subunits 
all over the surface, while the fully mature infectious virus 
in the extracellular region has a smooth spherical surface 
[82]. The spiky appearance of the immature virus is due 
to the presence of 60 spikes on the outer envelope of JEV 
interacting with each other, and each spike contains three 
prM-E heterocomplexes. The JEV virion contains 180 cop-
ies of prM/M (prM in immature and M in mature JEV) and 
protein E on its surface [84].

Host metabolic pathways affected by JEV 
infection

JEV infection induces various cytopathic effects by inducing 
cellular apoptosis, which has been observed in neuronal cells 
and astrocytes [121–124], mediated mainly by endoplasmic 
reticulum stress (ER stress) [125], oxidative stress [126], 
and mitochondrion-dependent activation of caspases [127]. 
The JEV-NS5 protein has also been reported to affect the 
JAK-STAT pathway by inhibiting the phosphorylation of the 
STAT protein [128]. It has also been shown that JEV induces 
apoptosis by inhibiting the Foxo signalling pathway [129].

Apoptotic pathway

ER‑tress‑mediated apoptosis

The ER lumen in JEV-infected cells contains a large number 
of viral proteins involved in viral RNA replication and virion 
assembly. Due to the accumulation of virus particles, the 
ER membrane becomes hypertrophic, resulting in extensive 
proliferation, as has also been observed in other flavivirus 
infections [130]. The eukaryotic ER serves as the site for 
protein synthesis, post-translational modification, folding, 
and oligomerisation and also plays a significant role in cel-
lular signal-transduction pathways. Therefore, the excessive 
accumulation of viral proteins in and around the ER lumen 
results in the modification of ER membrane. The modified 
ER membrane serves as a central site for genomic RNA rep-
lication, assembly, and maturation of the newly synthesised 
JEV viral particles [24, 131].

Consequently, the ER experiences alterations in its 
homeostasis to which it is extremely sensitive, and ER stress 
results in an unfolded protein response (UPR) [125]. ER 
stress triggers increased expression of death signals such as 
C/EBP homologous protein (CHOP) and p38 MAP kinase, 
which is transduced from the ER to the nucleus, resulting in 
cellular apoptosis mediated by the UPR signalling pathway. 
The p38 MAP kinase belongs to the serine/threonine protein 
kinase family and is overexpressed in stress-activated path-
ways [132]. The CHOP protein, also known as GADD153, 
is a transcriptional regulator and has been noted for its high 
expression during ER stress, causing cell-cycle arrest and 
apoptosis by inhibiting the wnt signalling pathway [125, 
132–134].
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Oxidative‑stress‑mediated apoptosis

Like ER stress, oxidative stress is also a cause of JEV-
induced apoptosis, which occurs due to the uncontrolled 
release of intracellular reactive oxygen species (ROS) and 
several other free radicals such as hydrogen peroxide and 
hydroxyl radicals from the mitochondria [135, 136]. The 
massive release of ROS results in the oxidation of lipids, 
proteins, and nucleic acids, which can cause permeabiliza-
tion of the mitochondrial membrane, ultimately leading to 
cellular apoptosis [137, 138]. It has been reported that the 
intracellular accumulation of ROS results in the downreg-
ulation of superoxide dismutase and thioredoxin, leading 
to apoptosis in JEV-infected human neuronal cells. ROS-
induced apoptosis occurs in JEV-infected cells through the 
activation of the AKS1-p38 MAPK and ASK1-ERK1/2 sig-
nalling pathways [139].

Mitochondrion‑dependent caspase‑mediated apoptosis

The role of mitochondria in JEV-induced apoptosis was first 
reported by Liao et al. in 1997 [140]. The same group later 
found that mitochondrion-dependent apoptosis occurs due 
to altered mitochondrial homeostasis caused by caspase-9 
activation during JEV infection [127]. Due to the high level 
of JEV replication at the ER membrane, infected cells expe-
rience ER stress and generate a UPR, which alters the ER 
homeostasis, depletes Ca2+ in the ER lumen, and results in 
accumulation of proteins in the cytoplasm up to an immod-
erate level. The Ca2+ imbalance alters the mitochondrial 
membrane potential and affects modulation of mitochon-
drial permeability pores [125, 141–143]. Consequently, 
cytochrome c (Cyt-c) is released from mitochondria and 
interacts with monomeric inactive Apaf-1 in the cytoplasm 
to form a multimeric functional apoptosome complex. Pro-
caspase 9 (precursor of caspase 9) bound to the N-terminal 
caspase recruitment domain (CARD) of Apaf-1 is converted 
to active caspase 9 initiator caspase, which remains bound 
to the apoptosome complex and cleaves caspase 3 (effector 
caspase) between its smaller and larger subunits to activate 
it. The maturation and activation of caspase 3 results in 
various cytopathic effects and apoptosis due to degradation 
of various regulatory proteins, such as poly(ADP-ribose) 
polymerase (PARP), which is involved in DNA replication, 
repair, and recombination as well as programmed cell death 
[144, 145], gelsolin, which is an actin-modulating protein 
[146], and the anti-apoptotic bcl-2 [127, 147, 148].

JAK‑STAT pathway

This pathway involves three principal factors – (1) a cell-
membrane-bound receptor, (2) a receptor-bound enzyme, 
Janus kinase (JAK), and (3) a transcription factor, signal 
transducer and activator of transcription (STAT); therefore, 
it is known as the JAK-STAT pathway [149]. The JAK-STAT 
pathway plays an essential role in the division, activation, 
and recruitment of immune cells. Interferon (IFN-α and 
IFN-β) signalling pathways play a significant role in recov-
ery from infections caused by flaviviruses, but in JEV infec-
tion, the functions of IFNs get aborted due to inhibition of 
the JAK-STAT pathway.

The two crucial enzymes, Jak1 and Jak2, have phos-
phorylase activity, which plays an essential role in IFN-α 
and IFN-β signalling. Once the IFNs bind to the receptor, 
Jak1 and Jak2 phosphorylate each other, and this is followed 
by phosphorylation of a tyrosine residue in the intracellular 
domain of the IFN receptor. Due to phosphorylation, the 
receptor undergoes conformational changes and binds to the 
STAT proteins, which are then phosphorylated and dimer-
ized. The STAT protein dimers are then translocated into 
the nucleus and bind specifically to the promoter regions 
of IFN-stimulated genes (ISGs) on the DNA sequence. As 
a result, the ISGs are transcribed, leading to the production 
of IFNs with antiviral properties, inhibiting viral replication 
and the production of new virus particles. In JEV infection, 
NS5 blocks the phosphorylation of STAT proteins, resulting 
in inactivation of the STAT protein, which remains outside 
the nucleus, thus disrupting the JAK-STAT pathway. Hence, 
the NS5 protein is a crucial factor in JEV pathogenesis and 
therefore a potential drug target [128, 150].

Recent insights and developments: vaccines, 
therapeutics, and diagnostics

An underestimated disease with a 30% mortality rate and 
permanent neuropsychiatric sequelae in 50% of the survivors 
lacks effective treatment despite several in vivo, in vitro, 
and clinical studies. However, several vaccines are avail-
able, such as inactivated mouse brain vaccines, inactivated 
Vero-cell-derived vaccines, live attenuated vaccines, and live 
recombinant vaccines (chimeric vaccines). All of these vac-
cines were based on genotype III of JEV but showed cross-
reactivity against genotypes I-IV [151]. The formulation of 
all four types of vaccines (Table 1) have been reviewed by 
Turtle and Solomon [16], and their immunogenicity and 
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efficacy have been reviewed by Nagendra and Milind [152], 
Barzon and Palu [153], Kumar et al. [154], Satchidanan-
dam [155], Hu and Lee [156], and Kanamori et al. [157]. 
In addition, Lee et al. have reviewed the applicability and 
usage of inactivated Vero-cell-derived vaccines, live attenu-
ated vaccines, and live recombinant vaccines [158]. Con-
nor et al. have reviewed the US Advisory Committee on 
Immunization Practices (ACIP) policy for travellers, which 
has recommended JEV vaccination for those who frequently 
travel to JEV-endemic countries or decide to stay there for 
an extended period of time [159]. These types of policies 
may help to reduce the risk of infection in healthy people 
and should be adopted by other countries that are geographi-
cally close to JEV-endemic countries but are not themselves 
affected by JEV. Recently, using reverse vaccinology and in 
silico approaches, Chakraborty et al. designed a peptide vac-
cine loaded with multiple epitopes belonging to the E, prM, 
NS1, NS3, and NS5 proteins of JEV [160]. This peptide 
vaccine is being studied through in vivo and in vitro experi-
ments and still needs to be tested in clinical trials to examine 
its immunogenicity and efficacy. Keeping the disadvantages 
of previous vaccines in mind, Wan et al. have developed an 
NS1-based vaccine (LTB-NS1Δ63) by fusing the truncated 
NS1 protein of JEV with the heat-labile enterotoxin B subu-
nit of E. coli. They also tested the vaccine for its immuno-
genicity and toxicity through in vitro and in vivo experiments 
and found that mice inoculated with LTB-NS1Δ63 showed a 
higher survival rate than those receiving the live attenuated 
SA14-14-2 vaccine when challenged with a lethal dose of 
JEV [59].

Its asymptomatic nature, short viraemia period, and 
cross-reactivity with other flaviviruses make diagnosis of 
JEV infection difficult. Therefore, a combination of diag-
nostic methods should be applied to detect JEV infection, 
such as virus isolation, plaque reduction neutralisation test 
(PRNT), hemagglutination test, complement fixation test, 
immunofluorescence test, RT-PCR, Q-PCR, ELISA, and 
biosensor-based diagnosis. All of these diagnostic methods 
and their procedures have been reviewed by Roberts and 
Gandhi [83]. Recently, Zhang et al. developed a dual-mode 
chromatography method (Sepharose 4 fast flow chroma-
tography and CaptoTM core 700 chromatography) to purify 
cell-derived JEV with intact infectivity and immunogenic-
ity. This method is rapid and straightforward compared to 
the traditional purification method [193]. Zhou et al. devel-
oped a real-time nucleic-acid-sequence-based amplification 

(RT-NASBA) method for detection of JEV RNA within 10 
minutes without compromising specificity and sensitivity. 
The sensitivity of RT-NABSA was compared to RT-PCR 
and found to be 100 to 1000 times higher [194].

Despite the emergence of JEV in non-endemic countries, 
it is surprising to see that effective treatments and anti-JEV 
drugs are still unavailable, and in the last ten years (2011 
to 2020), only four clinical trials have been conducted 
[195–198]. Turtle and Solomon have reviewed all of the 
drugs tested in clinical trials, including dexamethasone 
[199], interferon [200], ribavirin [201], IVIG [198], and 
minocycline [195, 197], and further updates about the drugs 
in clinical trials, together with their methodology, outcomes, 
and limitations have been published by Ajibowo et al. Only 
minocycline showed promising results in all the clinical tri-
als drugs [202]. Turtle and Solomon also reviewed the drugs 
showing protective efficacy in animal models and significant 
anti-JEV activities in vitro. Testing these drugs in clinical 
trials may result in effective anti-JEV drugs [16]. Recently, 
various inhibitors were reported to inhibit JEV entry and 
replication (Table 2), and these can also be considered for 
further studies in animal models and tested in clinical trials.

Concluding remarks

Despite being a major cause of viral encephalitis, JEV has 
received less attention than some other flaviviruses and 
remains an important disease for which there is no effec-
tive specific treatment. Despite the availability of vac-
cines, outbreaks of Japanese encephalitis occur annually in 
Asian countries. Therefore, continuing efforts are needed 
to develop drugs that inhibit the functions of JEV proteins. 
Although recent advances in JEV research have helped us to 
understand the basic mechanisms involved in pathogenesis, 
more detailed information is still needed. This review sheds 
light on a few host proteins possessing anti-JEV and pro-JEV 
activity, as well as the importance of several SPs and NSPs 
of JEV involved at various stages of its pathogenesis, such as 
viral entry, modification of the host ER membrane required 
for RNA replication and virion assembly a>nd maturation. 
Eventually, the insights into the pathogenicity and infection 
caused by JEV will provide a lead that will help identify 
prominent targets and develop a strategy to inhibit their 
functions at the molecular level.
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